Introduction
external stresses. This transitory requirement of EDR1 indicates that it is functionally active only 85 after a stress response has been induced. 86
There remain many unanswered questions regarding EDR1 function. EDR1 is believed to 87 negatively regulate KEG, an E3 ubiquitin ligase required for post-embryonic development and 88 endomembrane trafficking (Wawrzynska et al., 2008; Gu and Innes, 2011; Gu and Innes, 2012) . 89 However, it is unclear whether EDR1 itself is a regulator of development or endomembrane 90 trafficking. Interestingly, EDR1 primarily localizes to the ER, yet no ER-associated function of 91 EDR1 has been demonstrated (Christiansen et al., 2011) . 92
To gain a greater understanding of EDR1 function, we performed a yeast two-hybrid 93 screen to identify potential substrates of EDR1. These screens yielded a particularly interesting 94 hit, At5g11340, a predicted N-terminal acetyltransferase (NAT) that bears similarity to the human 95 Naa50 protein ( Fig. 1A) . 96
NATs serve as the catalytic components of larger complexes, designated as NatA-F in 97 humans (Reviewed in Polevoda et al., 2009; Aksnes et al., 2016) . Human Naa50 serves as the 98 catalytic component of the NatE complex, which also includes the Naa10 and Naa15 subunits 99 (Arnesen et al., 2006) . Naa10, Naa15, and Naa50 are also found in the NatA complex, for which 100 Naa10 provides catalytic function. NAT complexes mediate N-terminal acetylation (NTA), a 101 widespread co-translational protein modification believed to affect the majority of eukaryotic 102 proteins (Brown and Roberts, 1976 Based on work in yeast and humans, there is a solid biochemical understanding of how 107 NATs function; however, the purpose of NTA is not well understood. Emerging evidence suggests 108 that NTA serves various functions. In humans, the Golgi-localized Naa60 specifically targets 109 transmembrane proteins and is required for the maintenance of Golgi integrity (Aksnes et al., 110 2015) . Recent work in plants has implicated NTA in the regulation of stress responses and 111 development. Both NAA10 and NAA15 are essential for plant embryonic development, and 112 knockdown of either results in morphological defects and drought resistance (Feng et al., 2016; 113 Linster et al., 2015) . Differential NTA of the SNC1 receptor was found to have significant impacts 114 on its activity, demonstrating a role for NTA in the regulation of defense signaling (Xu et al., 2015) . 115
Plant NATs bear strong similarity to their non-plant orthologues; however, the discovery of the 116 plant-specific, plastid-localized NatG indicates that NTA in plants may serve unique purposes 117 (Dinh et al., 2015) . This early work demonstrates that NTA plays an important role in plant 118 physiology and stress responses. However, many aspects of plant NATs have yet to be 119 investigated. 120
Here, we demonstrate a role for the uncharacterized Arabidopsis NAA50 gene in 121 regulating plant growth and stress responses. Using knockout and transgenic knockdown lines, 122
we show that NAA50 is indispensable for normal plant growth and development. Loss of NAA50 123 triggers defense response pathways in Arabidopsis, implicating NAA50 in the negative regulation 124 of defense signaling. Loss of NAA50 also induces constitutive ER stress, while loss of EDR1 leads 125 to enhanced sensitivity to ER stress. Thus, both EDR1 and NAA50 appear to be involved in the 126 negative regulation of ER stress. This work demonstrates the importance of NTA in plant stress 127 responses and development, as well as a potential link between NTA and ER stress. To verify the initial yeast two-hybrid screen which identified NAA50 as a potential interactor 133 of EDR1, we performed additional assays to detect protein-protein interaction. To test for physical 134 interactions between EDR1 and potential substrates, we utilized a "substrate-trap" mutant of 135 EDR1, EDR1 ST . EDR1 ST contains a D810A substitution in the 136 phosphotransfer domain, which is necessary for substrate phosphorylation, thus stabilizing the 137 potential interaction between EDR1 and its substrates (Gibbs and Zoller, 1991) . Our initial yeast 138 two-hybrid screen was carried out using EDR1 ST as bait. In yeast two-hybrid, NAA50 was found 139 to physically interact with EDR1 ST , but not wildtype EDR1 (Fig. 1B) . This result indicates that 140 NAA50 may be a substrate of EDR1. However, immunoblotting demonstrated that wildtype EDR1 141 accumulation is significantly lower than that of EDR1 ST in yeast, potentially explaining the absence 142 of an interaction (Fig. 1C ). Co-immunoprecipitation using proteins expressed transiently in N. 143 benthamiana demonstrated that NAA50 physically associates with both EDR1 and EDR1 ST in 144 vivo, contrasting with our yeast two-hybrid results (Fig. 1D ). EDR1 has been previously 145 demonstrated to localize to the ER (Christiansen et al., 2011) . We similarly observed an ER 146 localization of NAA50 tagged with mCherry when transiently expressed in N. benthamiana (Fig.  147   1E ). NAA50 co-localized with the GFP-tagged ER marker SDF2 (Nekrasov et al., 2009 ). These 148 experiments indicate that EDR1 and NAA50 physically interact, that both proteins localize to the 149 ER, and that NAA50 may be a substrate of EDR1. 150 151 Arabidopsis NAA50 is Highly Conserved and Essential for Development 152 The discovery that NAA50 physically interacts with EDR1 prompted us to investigate its 153 potential functions in Arabidopsis. There is a 51.25% identity match between Arabidopsis and 154 human NAA50 proteins ( Fig. 1A ). This high degree of sequence similarity indicates that NAA50 155 function is likely conserved between plants and animals. 156
To investigate the role of NAA50 in plants, we characterized two T-DNA insertion mutants 157 (SAIL_210_A02 and SAIL_1186_A03), which we designated naa50-1 and naa50-2. Both mutant 158 lines were found to be severely dwarfed compared to wild-type plants (Fig. 2, A-B ). Knockout 159 naa50 seedlings displayed abnormal and dwarfed growth ( Fig. 2A ). As they developed, naa50 160 plants remained dwarfed and were sterile, although stems and flowers did form ( Fig. 2C) . We 161 were able to fully complement the naa50-1 mutant phenotypes by transformation of a transgene 162 carrying NAA50 tagged with sYFP under the control of the native NAA50 promoter, demonstrating 163 that loss of NAA50 is responsible for the dwarf phenotype and sterility ( Fig. 2B ). These 164 observations establish that NAA50 is essential for normal plant growth and development. 165
166

Loss of Naa50 Alters Plant Growth 167
In addition to being dwarfed, naa50 seedlings displayed a variety of developmental 168 phenotypes. Root hair growth in naa50 plants was irregular, and root hairs were elongated ( Fig.  169 3A). This led us to hypothesize that loss of NAA50 may result in altered vacuole development. 170
Loss of KEG, another EDR1-interacting protein, has been shown to result in altered vacuolar 171 development (Gu and Innes, 2012) . In naa50-1 seedlings expressing the tonoplast marker γTIP 172 (Nelson et al., 2007 ), altered vacuole shape was observed ( Fig. 3B ). Many naa50-1 vacuoles 173 appeared fractured and contained many "blebs", similar to those observed in keg mutant 174 seedlings (Gu and Innes, 2012) . Additionally, naa50-1 root cells were larger and irregularly 175 shaped. This could indicate that NAA50 is involved in vacuole maturation. 176
The severe dwarfing and sterility of naa50-1 homozygous mutant plants compromised our 177 ability to study the role of NAA50 in later stages of plant development. To overcome this limitation, 178 we generated inducible knockdown plants based on the expression of an artificial microRNA 179 (amiRNA) driven by a dexamethasone-inducible promoter (DEX:NAA50-ami). We identified two 180 independent transgenic lines carrying this construct which displayed a significant knockdown of 181 NAA50 as early as 16 hours after dexamethasone treatment ( Fig. 3C ). As a control, we utilized a 182 scrambled amiRNA line (DEX:Scrambled-ami), which contains a dexamethasone-inducible 183 amiRNA with no predicted targets. 184
Knockdown of NAA50 in the DEX:Naa50-ami plants resulted in severe morphological 185 changes. Growth of DEX:NAA50-ami seedlings on MS media supplemented with dexamethasone 186 increased the length of root hairs, recapitulating the naa50 root hair phenotype (Fig. 3D ). 187
Additionally, dexamethasone treatment caused DEX:NAA50-ami seedlings to grow significantly 188 slower than the control lines, resulting in shorter roots ( Fig. 3E ). NAA50 knockdown also elicited 189 changes in stem growth. 24 hours after dexamethasone treatment, the stems of DEX:NAA50-ami 190 plants bent approximately 90º ( Fig. 3F ). As in the roots, dexamethasone treatment completely 191 halted any growth of the primary stem in DEX:NAA50-ami plants (Fig. 3G ). Interestingly, this shoot 192 bending phenotype was suppressed by removal of the shoot apical meristem prior to 193 dexamethasone treatment ( Fig. 3H ), suggesting that the bending phenotype is dependent on 194 auxin redistribution. Our observations of knockout and knockdown plants confirm that NAA50 is 195 essential for normal plant growth and development. 196
197
Loss of Naa50 Triggers Cell Death 198
As well as inducing growth changes, knockdown of NAA50 caused early senescence in 199 leaves. Leaves of adult DEX:NAA50-ami plants turned yellow and became necrotic following 200 dexamethasone treatment ( Figure 4A ). Senescence also occurred in DEX:NAA50-ami seedlings 201 after transfer to MS plates supplemented with dexamethasone ( Fig. 4B ). In both adults and 202 seedlings, the senescence phenotype developed about 4 days after the initial dexamethasone 203 treatment, long after the changes in growth rate and stem bending occurred. 204
The discovery that knockdown of NAA50 induces cell death prompted us to investigate 205 whether loss of NAA50 results in cell death in naa50-1 seedlings. Indeed, roots of naa50-1 and 206 naa50-2 seedlings were readily stained by trypan blue dye, indicating that loss of NAA50 leads to 207 the accumulation of dead cells in roots ( Fig. 4C ). Trypan blue staining of naa50 roots was spotty 208 and irregular, indicating that only a subset of naa50 root cells died ( Fig. 4D ). Taken together, 209 these results demonstrate that in addition to being essential for plant development, NAA50 is also 210 required for the repression of cell death and senescence. 211
Given the interaction between EDR1 and NAA50, we hypothesized that introduction of the 212 edr1-1 allele into NAA50 knockdown plants may affect the senescence phenotype. However, we 213 did not observe any major change in the senescence phenotype when edr1-1 was introduced 214 ( Fig. 4E ). That the edr1-1 mutation did not enhance or suppress the senescence phenotype 215
indicates that NAA50 and EDR1 may regulate senescence through a shared mechanism. 216 217
Loss of Naa50 Represses Growth and Induces Stress Signaling 218
The discovery that knockdown of NAA50 triggers changes in plant growth and senescence 219 prompted us to investigate the transcriptional changes taking place in these plants. We therefore 220 conducted an RNA sequencing-based analysis of the DEX:NAA50-ami transcriptome. Four-221
week-old plants were treated with dexamethasone, and RNA was collected 0, 12, and 24 hours 222 later. The scrambled amiRNA line was utilized as a control. This design enabled a comparison of 223 the DEX:NAA50-ami transcriptome at various time points, while excluding potential off-target 224 effects of dexamethasone treatment or amiRNA overexpression. 225
Our RNA sequencing analysis indicated that NAA50 knockdown resulted in altered 226 expression of approximately 2,000 genes by 12 hours post-dexamethasone application 227 To further analyze our transcriptome data, we searched for studies that had identified 237 similar transcriptional changes using the Genevestigator Signature tool (Hruz et al., 2008) . We 238 selected the most significantly altered transcripts within the 12 hour DEX:NAA50-ami dataset, and 239 searched for studies that displayed similar expression profiles. We found that the most similar 240 expression profiles were those of studies investigating plant pathogen interactions, or light stress 241 ( Fig. 5B ). This overlap demonstrates that NAA50 knockdown elicits stress signaling in plants. 242 243 Naa50 and EDR1 Repress ER Stress 244
We have previously found that plants lacking EDR1 display an enhanced ER stress 245 phenotype (unpublished). To verify this, we tested edr1-1 plants for ER stress sensitivity by 246 injecting leaves with tunicamycin (TM), an inhibitor of protein glycosylation that induces ER stress. 247
Injected regions of edr1-1 leaves senesced more rapidly than wild-type leaves ( Figure 6A ). This 248 observation suggests that EDR1 is required for proper execution of the unfolded protein response, 249 or that loss of EDR1 results in enhanced cell death signaling during ER stress signaling. 250 NTA has been shown to alter protein stability, localization, and transport (Arnesen, 2011) . 251
This raised the question of whether loss of NAA50-mediated NTA may lead to induction of ER 252 stress. Indeed, many of the observed naa50-mediated developmental phenotypes, such as 253 stunted growth and cell death, can be caused by ER stress. Treatment with TM or dithiothreitol 254 (DTT), which reduces disulfide bonds and induces ER stress, resulted in shorter roots, increased 255 root hair length, and altered cell morphology in wild-type seedlings ( Fig. 6 , B-C). Additionally, TM 256 and DTT treatments resulted in root cell death like that observed in naa50 seedlings ( Fig. 6D) . 257
These results demonstrate that ER stress treatment and loss of NAA50 produce similar 258 physiological changes. 259
To test whether naa50 seedlings display constitutive ER stress responses, we measured 260 transcription of ER stress marker genes by qPCR. naa50-1 seedlings were found to have 261 significantly higher levels of BIP3 and SEC31A expression in the absence of any treatment ( Fig.  262   6E ). When treated with TM, however, naa50-1 seedlings displayed WT levels of BIP3 and 263 SEC31A expression. During ER stress, the transcription factor bZIP60 undergoes splicing, 264 leading to its activation (Deng et al., 2011). Thus, detection of the spliced form of bZIP60 indicates 265 an active ER stress response. Untreated naa50-1 seedlings were found to contain significantly 266 higher levels of spliced bZIP60 relative to WT ( Fig. 6F ). However, WT levels of bZIP60 splicing 267 occurred in TM-treated naa50-1. These results demonstrate that loss of NAA50 leads to 268 constitutive ER stress, but not an increase in maximum ER stress response signaling. Thus, 269 EDR1 and NAA50 both appear to play important roles in regulating ER stress in plants. 270 271 Naa50 Enzymatic Activity is Required for Development 272
Given the high sequence conservation between Arabidopsis and human NAA50 proteins 273 ( Fig. 1A) , we hypothesized that the enzymatic activity of NAA50 would be conserved. In addition 274 to functioning as an N-terminal acetyltransferase, human Naa50 has been shown to be capable 275 of auto-acetylation (Evjenth et al., 2009). We therefore tested NAA50 for auto-acetylation activity 276 using recombinant NAA50 protein. In vitro auto-acetylation assays using recombinant NAA50 277 protein demonstrated that Arabidopsis NAA50 is indeed capable of auto-acetylation ( Fig. 7A ). 278 Human Naa50 has previously been shown to associate with the NatA complex, which 279 includes the Naa10 subunit (Arnesen et al., 2006) . Transient expression of sYFP-tagged 280
AtNAA50 with mCherry-tagged AtNAA10 indeed demonstrated that these proteins co-localize in 281 plants ( Fig. 7B) . 282
Based on the sequence conservation between Arabidopsis NAA50 and human Naa50, as 283 well as the co-localization of AtNAA50 with AtNAA10, we hypothesized that AtNAA50 likely 284 functions as an N-terminal acetyltransferase. To determine whether NAA50 is active in N-terminal 285 acetylation, we tested whether various loss of function NAA50 mutants could complement naa50-286 2 mutant phenotypes. naa50-2 plants were transformed with NAA50 Y34A -HA and NAA50 I145A -HA. 287
It has been demonstrated that the comparable Y31A and I142A mutations in human Naa50 288 reduce enzyme efficiency to below 10% and 42.2% of wild-type levels, respectively (Liszczak et 289 al., 2011) . 290
We were able to identify numerous transgenic lines expressing both the Y34A and I145A 291 proteins ( Fig. 7C ). Following transformation with the NAA50 I145A -HA transgene, we observed that 292 the naa50 root phenotype was not fully complemented in the transgenic lines, as roots retained 293 their dwarf phenotype and altered cell morphology ( Fig. 7 , D-E). Despite retaining the naa50 root 294 phenotypes, some NAA50 I145A lines did not display the naa50 dwarfism phenotype and had 295 wildtype-sized rosettes (Fig. 7F ). However, even when NAA50 I145A transgenic plants had wildtype-296 sized rosettes, they did not develop normal siliques or produce viable seed (Fig. 7G ).The more 297 severe NAA50 Y34A mutant also did not fully rescue naa50-2 plants. NAA50 Y34A transgenic plants 298 did not have normal roots or rosettes and were infertile ( Fig. 7 , D-F). Although the Y34A transgene 299 was able to partially complement the rosette dwarfism, it was not able to fully complement the 300 phenotype ( Fig. 7F ). For both the I145A and Y34A transgenic lines, we observed a correlation 301 between NAA50 protein accumulation and rosette size ( Fig. 7 , C, F). The inability of NAA50 I145A 302 and NAA50 Y34A transgenes to fully rescue naa50-2 plants demonstrates the importance of NAA50-303 mediated NTA in plant growth and development. That the NAA50 I145A mutant was able to 304 complement the rosette dwarfism, but not the root phenotypes or sterility demonstrates that 305 NAA50-mediated NTA may be especially required for the growth and development of roots as 306 well as fertility. . Post-translational modification of proteins has long been appreciated as a 315 mechanism by which cell signaling and crosstalk is regulated (Hunter, 2007) . NTA may provide a 316 mechanism by which plants regulate responses to external and internal stress signals at the 317 translational level. 318
With this work, we have begun to characterize the role of Arabidopsis NAA50 in regulating 319 plant development and stress responses. Complete loss of NAA50 results in severely dwarfed 320 and sterile plants, as well as altered root morphology. By using hormone-inducible amiRNA 321 transgenic plants, we demonstrated that NAA50 knockdown results in reduced expression of 322 developmental process and inhibits growth. Taken together, these results indicate that NAA50 is 323 required for plant growth and development. 324
Our work adds to growing evidence that NATs are required for plant development. In addition to its role in negatively regulating defense signaling, our results implicate 349 NAA50 in the repression of ER stress. The developmental defects observed in naa50 plants can 350 be recapitulated by TM and DTT treatment, indicating that they may result from constitutive 351 activation of ER stress responses. In support of this hypothesis, we observed increased 352 expression of ER stress genes and bZIP60 splicing in untreated naa50 seedlings ( Fig. 6 ). 353
Following TM treatment, naa50-1 seedlings displayed WT levels of ER stress signaling. 354 Therefore, loss of Naa50 induces ER stress signaling, but does not lead to greater induction 355 during TM treatment. Additionally, the expression of BIP3 and SEC31A in naa50-1 seedlings was 356 significantly lower in the absence of TM than during TM treatment. This indicates that the level of 357 constitutive ER stress which occurs in naa50-1 plants is significantly lower than that elicited by 358 chemical treatment. Based on these results, we believe that NAA50 is required for the prevention 359 of protein misfolding and aggregation, which contribute to ER stress. Plant NATs have not 360 previously been demonstrated to play a role in the regulation of ER stress. Although NatE seems 361 to be required for the repression of ER stress, it is possible that other NAT complexes may be 362 Arabidopsis and human Naa50, it is probable that enzymatic function is conserved. We were able 375 to detect auto-acetylation of recombinant Arabidopsis NAA50 in vitro, demonstrating that it is 376 indeed a functional acetyltransferase (Fig. 7) . In addition, we found that mutations that alter 377 NAA50 NTA activity prevent complementation of naa50 mutant phenotypes ( Fig. 7) . As in other 378 organisms, Arabidopsis NAA50 localizes primarily to the ER (Fig. 1, Fig. 7B ). These similarities 379 to other Naa50 proteins demonstrate that NAA50 likely functions as an NTA in plants. 380
There is evidence from human and yeast systems for the involvement of NATs in 381 responding to ER stress and protein aggregates. NTA is known to contribute to protein stability, of protein translation which occurs in these tissues during development. That these tissues were 480 indeed particularly affected by the loss of NAA50 demonstrates that NAA50 may be required for 481 the management of ER stress which occurs during development. 482 483
Model for EDR1 and NAA50 Regulation of ER Stress 484
Our initial interest in NAA50 was based on its physical interaction with EDR1. Indeed, the 485 enhanced defense signaling observed in NAA50 knockout and knockdown plants correlates with 486 many edr1 phenotypes. EDR1 and NAA50 also appear to play a role in the regulation of ER 487 stress. edr1 plants were found to have enhanced sensitivity to TM treatment, while loss of NAA50 488 induced constitutive ER stress. 489
Our work indicates that EDR1 and NAA50 may be involved in the repression of ER stress 490 ( Fig. 8 ). Since NAA50 likely functions primarily in the NTA of target peptides, loss of NAA50 may 491 result in the translation of proteins which lack a required N-terminal acetylation mark. Loss of 492 NAA50-mediated NTA likely results in the misfolding, improper trafficking, or aggregation of 493 proteins, ultimately producing ER stress. We have found that loss of EDR1 results in increased 494 ER stress sensitivity. It is possible that EDR1 activates NAA50, perhaps during a stress event. 495
Thus, when plants lacking EDR1 encounter stress, NAA50 would lack proper activation. The lack 496 of NAA50-mediated NTA would therefore lead to mild ER stress, ultimately resulting in enhanced 497 senescence and cell death. This model provides a potential explanation for the wide range of 498 stimuli to which edr1 plants display enhanced senescence and sensitivity. 499 in Supplementary Table S1 . 519 For expression in E. coli, NAA50 was cloned into pDEST17 using Gateway cloning. The 548 resulting plasmid was transformed into E. coli strain BL21.AI (Invitrogen). 549 550
Yeast two-hybrid assays 551
For yeast two-hybrid assays between EDR1 and NAA50, pGBKT7 and pGADT7 clones 552 were transformed into haploid yeast strain AH109 (Clontech) by electroporation and selected on 553 SD-Trp-Leu medium. Successful transformants were selected after 48 hours of growth at 30ºC 554 and then struck onto fresh SD-Trp-Leu medium and allowed to grow for another 48 hours. Before 555 carrying out yeast two-hybrid assays, yeast was grown in liquid SD-Trp-Leu medium for 16 hours 556 at 30ºC. Cultures were re-suspended in water to an OD 600 of 1.0, serially diluted, and plated on 557 appropriate SD media. Plates were grown for up to 4 days at 30ºC. 558
Immunoprecipitations and immunoblots 560
For total protein extraction, tissue was ground in lysis buffer (50 mM Tris For protein extraction from yeast, yeast grown on solid SD -Leu, -Trp plates were 577 resuspended in lysis buffer (100 mM NaCl, 50 mM Tris-Cl, pH 7.5, 50 mM NaF, 50 mM Na-β-578 glycerophosphate, pH 7.4, 2 mM EGTA, 2 mM EDTA, 0.1% Triton X-100, 1 mM Na 3 VO 4 ). Glass 579 beads were then added to the suspension and the solution was vortexed for 1 minute three times. 580
After the addition of 1 volume of 2x Laemmli sample buffer supplemented with 5% β-581 mercaptoethanol, samples were boiled for 10 minutes. Immunoblots were performed using anti-582 HA-HRP (3F10) (Sigma), mouse anti-GAL4DBD (RK5C1) (Santa Cruz Biotechnology), goat anti- In vitro acetylation assays 654 E. coli strain BL21.AI was transformed with a pDEST17 vector carrying NAA50. 5xHIS-655 tagged NAA50 was purified from E. coli using a Nickel-His column (Sigma). A 5 mL culture was 656 incubated at 37ºC for 16 hours, and then subcultured to a final volume of 100 mL. The culture 657 was grown until the OD 600 reached 0.5. Expression of NAA50 was induced by adding 1 mM IPTG 658 and 0.2% Arabinose to the culture. The culture was then incubated at 30ºC for 3 hours. Cells were 659 then harvested and resuspended in 8 mL of Native Purification Buffer (50 mM NaH2PO4, 500 660 mM NaCl) supplemented with 8 mg lysozyme and a protease inhibitor tablet (Roche) . The 661 suspension was then incubated on ice for thirty minutes, and then sonicated. After sonication, the 662 cell debris was pelleted by centrifugation (5,000 x g, 15 minutes) at 4ºC. The Ni-NTA resin was 663 washed twice with Native Purification Buffer and then incubated with the lysate for 1 hour at 4ºC. 664
The resin was then washed 4 times with Wash Buffer ( . 3 . Loss of NAA50 results in developmental changes. A, naa50 seedlings have altered root morphology. The seedling roots depicted are from one-week-old seedlings. B, Vacuole and cell morphology are altered in naa50 seedling roots. Shown are fluorescence micrographs taken of seven-day-old wildtype and naa50-1 seedlings expressing mCherry-tagged γTIP. Scale bars = 50 microns. C, Dexamethasone treatment induces knockdown of NAA50 in DEX:NAA50-ami plants. q-RT PCR was performed on cDNA generated from multiple adult DEX:NAA50-ami plants following dexamethasone treatment. Displayed are the averages of three replicates. Asterisk denotes P value < 0.05. Expression values were normalized to ACTIN2. This experiment was repeated three independent times with similar results. D, NAA50 knockdown induces changes to root cell morphology. Five-day-old seedlings were transferred from MS plates to MS plates supplemented with DEX. Images were taken three days after dexamethasone exposure. E, NAA50 knockdown slows root elongation. Seven-day-old seedlings were transferred to MS plates supplemented with ethanol or dexamethasone. Images were taken three days after transfer to ethanol-or dexamethasone-supplemented media. F, NAA50 knockdown induces stem bending. Images were taken 24 hours after dexamethasone treatment. Numbers indicate proportion of all stems which displayed the given morphology. G, NAA50 knockdown stalls stem growth. Stem measurements were taken on DEX:Scrambled-ami (n = 8) and DEX:NAA50-ami (n = 10) immediately before and six days after dexamethasone treatment. No stem growth was detected in DEX:NAA50-ami plants. H, Removal of the apical meristem inhibits NAA50 knockdown-mediated stem bending. Adult DEX:NAA50-ami plants were sprayed with dexamethasone and images were taken twenty-four hours later. The shoot apical meristem was removed immediately prior to dexamethasone treatment.
Fig. 4.
Loss of NAA50 induces cell death and senescence. A, NAA50 knockdown induces senescence in adult leaves. Four-week-old plants were sprayed with dexamethasone. Images were taken immediately before, and seven days after treatment. B, NAA50 knockdown induces senescence in seedlings. Seedlings were grown on MS plates for seven days, and then transferred to MS plates supplemented with ethanol or dexamethasone. Images were taken seven days after transfer to ethanol-or dexamethasone-supplemented media. C, naa50 seedling roots contain dead cells. Seven-day-old seedlings were stained with trypan blue dye. D, Cell death staining in naa50 roots is spotty and irregular. Images depict trypan blue-stained roots from seven-day-old seedlings. E, Loss of EDR1 does not alter senescence in NAA50 knockdown plants. Images were taken of four-week-old plants immediately before, and seven days after dexamethasone treatment. Fig. 5 . NAA50 knockdown induces changes to growth and defense signaling. A, NAA50 knockdown results in a downregulation of growth signaling, and an upregulation of defense signaling. Gene Ontology (GO) term enrichment analysis was performed using the BiNGO application to determine whether the DEX:NAA50-ami transcriptome was enriched for specific biological processes. NS, not statistically significant. B, The DEX:NAA50-ami transcriptome bears similarity to biotic and abiotic stress studies. The 330 most significantly altered transcripts (based on Log2 fold-change) from the DEX:NAA50-ami 12 hour dataset were compared to previous studies using the Genevestigator Signature tool. The five most related transcriptomes based on the calculated Relative Similarity scores are shown. A heatmap was generated using Heatmapper (http://www2.heatmapper.ca/expression/) to display the relative log2 fold-change for each of the 330 transcripts for each study. 6 . Loss of EDR1 and NAA50 result in changes to ER stress signaling. A, edr1-1 mutants display heightened ER stress sensitivity. Leaves from six-week-old plants were infiltrated with various concentrations of tunicamycin using a needleless syringe. Leaves were removed, and images taken three days after injection. B, ER stress induces naa50like root dwarfism. Seedlings were germinated on MS plates or MS supplemented with TM or DTT. Representative ten-day-old seedlings are shown. C, ER stress induces naa50-like root cell morphology. Roots of ten-day-old seedlings are depicted. Seedlings were grown on regular MS plates or MS plates supplemented with TM or DTT. D, ER stress induces cell death in roots. Ten-day-old seedlings were stained with trypan blue after growth on MS or MS supplemented with TM or DTT. E, naa50-1 seedlings display heightened ER stress signaling in the absence of TM treatment. qRT-PCR was performed on cDNA generated from wildtype and naa50-1 seedlings. Seedlings were germinated on MS plates and 5 days later transferred to regular MS or MS supplemented with 1 μg/mL TM. RNA was collected twenty hours after transfer to new plates. Gene expression values were normalized to ACTIN2. Values depict the averages of three biological replicates, each consisting of twenty individual seedlings. Error bars represent standard deviation between three independent biological replicates. Asterisk denotes P value < 0.05. F, bZIP60 splicing is induced in naa50-1 seedlings. RT-PCR was performed on the same cDNA used in panel E. Each lane represents a unique biological replicate derived from twenty seedlings. Fig. 7 . NAA50 enzymatic activity is required for plant development. A, Recombinant NAA50 displays auto-acetylation activity in vitro. Recombinant HIS-tagged NAA50 was expressed and purified from E. coli. In vitro reactions were performed at 30°C for the indicated time points. Samples were then boiled and subjected to gel electrophoresis and immunoblotting using an anti-acetyl-lysine antibody. This experiment was repeated three times with similar results. B, NAA50 co-localizes with NAA10. sYFP-tagged NAA50 was transiently co-expressed with mCherry-tagged NAA10 in N. benthamiana. Bars = 50 microns. C, Immunoblotting demonstrates that HA-tagged NAA50 mutant transgenes are expressed in transgenic plants. Leaf tissue from hygromycin-resistant T3 plants was subjected to gel electrophoresis and immunoblotting using an anti-HA antibody. D, Mutant NAA50 transgenes do not complement naa50 root dwarfism. Representative ten-day-old seedlings are depicted. E, Mutant NAA50 transgenes do not complement naa50 root cell morphology defects. Images were taken of representative ten-day-old seedlings. F, NAA50I145A can complement naa50-mediated rosette dwarfism. The top row depicts representative seven-week-old plants. The bottom row depicts representative 5-week-old plants. G, NAA50I145A does not complement naa50-mediated sterility. Stems were removed from 7-week-old plants. Fig. 8 . Model for EDR1-and NAA50-mediated regulation of ER stress. Left: In wildtype plants, EDR1 activates NAA50mediated NTA, possibly through phosphorylation. NAA50-mediated NTA ensures proper protein folding, thereby inhibiting ER stress. Middle: In plants lacking functional NAA50, the absence of NAA50-mediated NTA results in protein aggregation and ER stress. Right: Biotic and abiotic stress events strain the translational machinery requiring altered or enhanced NAA50-mediated NTA. In plants lacking EDR1, NAA50 is not properly activated during these events, resulting in enhanced ER stress and senescence.
